The present study constructs a servo-hydraulic system to simulate the filling and packing processes of an injection molding machine. Experiments are performed to evaluate the velocity and position control of the system in the filling stage and the pressure control in the packing stage. The results demonstrate that the proposed system meets the required performance standards when operated with a sampling frequency of 1000 Hz.
Introduction
Servo-hydraulic systems have many advantages for injection molding machines, including a high precision, low noise, a low operating temperature, and good repeatability [1] [2] [3] . Furthermore, compared with traditional quantitative pump models, hydraulic systems have the potential to achieve energy savings of up to 70%, or more [4] . However, to achieve this energy-saving potential, the hydraulic system must first be carefully designed and optimized.
Of all the parameters involved in the injection molding process, the injection velocity and packing pressure are two of the most important in determining the quality of the molded part. The injection velocity refers to the speed at which the screw moves in the forward direction during the cavity filling stage, while the packing pressure refers to the pressure applied to the molten resin in the cavity as it cools and solidifies to form the final component. However, even when the injection velocity and packing pressure are properly controlled, the accuracy with which the injection cycle transits from the constant-velocity (V) filling stage to the constant-pressure (P) packing stage plays a critical role in ensuring a correct and consistent quality of the molded component [5] [6] . Many methods have been proposed for controlling the V-P switchover point, including pressure switch, time switch and position switch. In the position control method, V-P switchover is initiated automatically as soon as the screw displacement reaches a certain predetermined value [7] [8] [9] . Among all the methods available, the position control method is one of the most commonly used since (given the assumption of a constant mold and barrel temperature), the same amount of resin is injected into the mold in each shot, and hence the consistency of the molded part quality is (theoretically) guaranteed.
Previous studies have reported that moving the screw backward through a short distance when reaching the V-P transition point is beneficial in decreasing the pressure at the screw front and hence in preventing overflow [10] . However, pulling the screw back too far runs the risk of trapping air bubbles in the mold, while moving the screw back too little risks leakage of the molten resin. Hence, the pull-back distance must be carefully controlled to ensure that the molded components satisfy the required quality standard.
The present study designs and constructs a servo-hydraulic system to simulate the filling and packing stages of an injection molding machine. A PID controller is additionally designed to control the V-P switchover point using the position control method. Experiments are performed to investigate the performance of the proposed system in terms of its speed control (filling process), pressure control (packing process) and V-P switchover point control (V-P transition). In general, the results confirm the feasibility of the proposed servo-hydraulic system for injection molding applications given an appropriate setting of the sampling frequency (1000 Hz). Figure 1 presents a schematic illustration of the experimental system constructed in the present study. Figure 2 shows the PID control strategy developed in the present study to control the servo-hydraulic system in the constant velocity and constant pressure modes. In the filling (constant velocity) stage, the controller takes the feedback signal provided by a flow meter as the input, and adjusts the servo-motor speed in accordance with a prescribed control law such that the velocity remains at the required value. Once the hydraulic stage reaches the target switchover position, the controller reduces the voltage output in order to reduce the motor speed and enters the pressure control stage. Subsequently, the controller maintains a constant pressure by advancing the hydraulic stage slowly in accordance with the signals received from a pressure transducer and torque sensor. 
Materials and Methods

Experimental system
Control strategy
Experimental performance indicators and targets
The maximum overshoot was defined as the difference between the maximum recorded pressure value and the target pressure value. Meanwhile, the response time was defined as the time taken for the cylinder to move backward to the second target position having first reached the V-P switchover position. Finally, the standard deviation (RMSD) of the pressure was defined as the magnitude of the pressure variation between the system pressure and the target pressure under steady-state conditions.
In performing the experiments, the target value for the maximum overshoot of the pressure was set as less than 5 bar, the overshoot of the cylinder position as less than 1 mm, the response time as less than 3.5 seconds, the RMSD of the cylinder position as less than 0.5 mm, the RMSD of the pressure as less than 1 bar, and the average speed of the motor when entering steady-state conditions as less than 50 rpm.
Multi-target positions, single target speed, and single target pressure control experiments
1) Sampling frequency: 500 Hz
When the hydraulic cylinder reached the target V-P switchover position in the velocity-control mode , it was pulled back through a distance of 2 mm, and the system then switched to the pressure-control mode to execute the packing stage. Note that the pull-back distance (2 mm) was set as the minimum value possible under a sampling frequency of 500 Hz. The corresponding experimental targets are shown in Table 1 for two V-P switchover positions (50 mm and 63 mm). 1RWH WKDW WKH HQWU\ PP ĺ PP -80 mm/sec -110 bar in the first row of the table indicates that the cylinder is displaced through a distance of 50 mm at a speed of 80 mm/sec and is then pulled back through a distance of 2 mm to 48 mm. The system then switches to the packing stage with a constant packing pressure of 110 bar.
2) Sampling frequency: 1000 Hz
The experimental procedure was the same as that described above, with the exception that the pull-back distance was set as 1 mm (i.e., the minimum attainable distance under a sampling frequency of 1000 Hz).
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)LJ PP ĺ PP -80 mm/sec -120 bar, velocity and position. Fig. 10 . PP ĺ PP -80 mm/sec -120 bar, pressure-1 and pressure-2. Observing the experimental results presented in Tables 2~5, it is seen that when the sampling frequency is set as 1000 Hz, the maximum overshoot of the pump outlet pressure is significantly reduced, but still exceeds the preset target value. However, the maximum overshoot of the pressure at the front of the cylinder is less than 5.0 bar.
Conclusion
This study has constructed a servo-hydraulic system to simulate the main processes of an injection molding machine. The experimental results support the following main conclusions.
1. The proposed PID controller successfully detects the designed V-P switchover point and switches from the constant-velocity mode to a constant-pressure mode accordingly.
2. In performing V-P switchover, the system achieves all of the displacement, velocity and pressure performance targets with the exception of the maximum overshoot of the pump outlet pressure when the sampling frequency is set as 1000 Hz.
3. In practical applications, the optimal pull-back distance of the cylinder prior to the packing stage depends on the polymer resin properties, the quality requirements of the product, and so on. In general, the position control accuracy of servo-hydraulic systems depends on the sampling rate. For the system developed in the present study, a pull-back distance of 1 mm can be achieved using a sampling frequency of 1000 Hz .
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